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Objectives. The aim of the present study was to investigate 
dynamic hanges in the mitral regurgitant orifice using electro- 
magnetic flow probes and flowmeters and the color Doppler flow 
convergence method. 
Background. Methods fer determining mitral regurgitant ori- 
fice areas have been described using ~ow convergence imaging 
with a hemispheric isovelocity surface assumption. However, the 
shape of flow convergence isovelocity surfaces depends on many 
factors that change during regurgitation. 
Methods. In seven sheep with surgically created mitral regur- 
gitation, 18 hemodynamie states were studied. The aliasing dis- 
tanres of flow convergence were measured at 10 sequential points 
using two ranges of aliasing velocities (0.20 to 0.32 and 0.56 to 
0.72 m/s), and instantaneous flow rates were calculated using the 
hemispheric assumption. Instantaneous regurgitant areas were 
determined from the regurgitant flow rates obtained from both 
dectromagnetic flowmeters and flow convergence divided by the 
corresponding continuous wave velocities. 
Results. The regurgitant orifice sizes obtained using the elee- 
tromagnetic flow method usually increased to maximal size in 
early to midsystole and then decreased in late systole. Patterns of 
dynamic har.gcs in orifice area obtained by fie~w convergence were 
not the same as those delineated by the electromagnetic flow 
method. Time-averaged regurgitant orifice areas obtained by flow 
convergence using lower aliasing velocities overestimated the 
areas obtained by the electromagnetic flow method ([mean ~: SD] 
0.27 -4- 0.14 vs. 0.12 ± 0.06 cm 2, p < 0.001), whereas flow 
convergence, using higher aliasing velocities, estimated the refer- 
ence areas more reliably (0.15 -+ 0.06 cm2). 
Conclusions. The electromagnetic flow method studies uni- 
formly demonstrated ynamic change in mitral regurgitant 
orifice area and stqggested limitations of the flow convergence 
method. 
(J Am Con Cardiol 1995;26:528-36) 
Doppler echocardiographie quantitative valuation of valvular 
regurgitant lesions has been attempted using a number of 
methods, none of which has achieved general clinical utiliza- 
tion (1-5). Imaging of the proximo! flow convergence r gion in 
the left ventricle for flow accelerating retrograde across the 
mitral valve has been reported (6-8) to 4- useful for identi- 
fying the site of regurgitation and for grading its severity. The 
flow convergence phenomenon has been used experimentally 
and clinically for quantifying the regurgitant flow volume and 
flow rate using a variety of assumptions, most commonly that 
of a hemispheric sovelocity flow convergence sllrface (9-22). 
Recently, methods for computing mitral regurgitant orifice 
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areas have been reported (23-25) using either pulsed Doppler 
regurgitant flow rates obtained from the difference between 
mitral and aortic flow or using flow rates by the flow conver- 
gence method with the hemispheric isovelocity surface as- 
sumption divided by continuous wave velocity. The former can 
yield the mean regurgitant orifice area, and the latter can be 
studied throughout systole to yield the dynamic regurgitant 
orifice size (22-25). Nonetheless, the shape of the color 
Doppler flow convergence isoveiocity surface depends on 
many factors that change during the regurgitation period 
(9-18). Because of the potential clinical utility of evaluating 
the orifice area (23-25), we undertook the present in vivo study 
to investigate the dynamic hanges in regurgitant orifice size 
derived flare electromagnetic flowmeter-determined r gurgi- 
taut flows and to compare those data with data derived from 
Doppler ultrasound. 
Methods 
Experimental preparation. Seven juvenile sheep weighing 
31 to 36 kg were studied. Four to five months before the 
hemodynamic and ultrasound studies, two or three secondary 
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chordae to the anterior leaflet (four sheep) or posterior leaflet 
(three sheep) of the mitral valve were severed under direct 
vision using cardiopulmonary b pass. All operative and animal 
management procedures were approved by the Animal Care 
and Use Committee of the National Heart, Lung, and Blood 
Institute. Preoperative, intraoperative and postoperative ani- 
mal management and husbandry methods are described in 
detail elsewhere (26). Postoperatively, during recovery, the 
animals were maintained on digoxin and furosemide. 
Four to five months later, the animals were returned to the 
laboratory for the physiologic studies that are the subject of 
this report. Mitral regurgitation was studied in this chronic 
animal model preparation because previous studies in our 
laboratory (14,27,28) have shown that animals having compe'l- 
sated chronic mitral regurgitation better tolerate xperimental 
interventions to increase the severity of mitral regurgitation; in 
animal~ with acute mitral regurgitation, similar interventions 
often result in pulmonary edema, precluding further study. 
Anesthesia was induced with intravenous sodium pentobarbital 
(25 mg/kg body weight) and maintained with i% to 2% 
isoflurane with oxygen; the animals were ventilated through an 
endotracheai tube using a volume-cycle ventilator. 
Cardiac catheterization and electromagnetic flow meters. 
A Swan-Ganz catheter was positioned in the main pulmonary 
artery, inserted through the femoral vein. Another catheter 
was positioned in the right common femoral artery for moni- 
toring systemic arterial pressure and arterial blood gases. 
These catheters were interfaced with a physiologic recorder 
(ES 1000, Gould Inc.) using fluid-filled pressure transducers 
(model PD23 ID, Gould Statham). Arterial blood gases and 
pH were maintained within physiologic ranges. A bilateral 
transverse thoracotomy was performed. After institution of 
cardiopulmonary b pass, an electromagnetic flow probe (mod- 
el EP455c, Carolina Medical Electronics, Inc.) was su,ured 
into the left atrium above the mitral annulus. The orifice a;,:a 
available for flow through the probe was 2.5 cm 2, and it was 
therefore nonrestrictive. The left atrium was closed and the 
animal separated from cardiopulmonary b pass. Another elec- 
tromagnetic flow probe (model EP455, Carolina Medical 
Electronics) was placed snugly around the skeletonized as- 
cending aorta distal to the coronary ostia and proximal to the 
blachiocephalic trunk. Both flow probes were connected to 
flow meters (model FMS01, Carolina Medical Electronics), 
and these were connected to the same physiologic recorders 
(ES 1000, Gould Inc.) used for hemodynamic pressure record- 
ings. Left atrial and left ventrieular pressures were obtained 
from intracavitary manometer-tipped catheters (model SPC- 
350, MiUar Instruments, Inc.) positioned transmurally. All 
hemodynamic data were recorded at paper speeds of 
250 mm/s. Hemodynamic data from four consecutive cardiac 
cycles were recorded simultaneously with Doppler continuous 
wave recordings; within 5 min thereafter, another set of 
hemodynamic data from four consecutive cardiac cycles was 
obtained simultaneously with color M-mode recordings. Be- 
cause of the stable hemodynamic conditions, there was no 
significant difference between the two sets of hemodynamic 
data. Thus, a total of eight cardiac cycles were analyzed for 
each hemodynamic determination. 
Calibration factors for the flow probes were corrected 
before each hemodynamic state for hematocrit according to 
the manufacturer's specifications. The integrals of instanta- 
neous flows over time were determined by planimetry of the 
flow signal recordings. The problem of the zero baseline drift 
was managed using the techniques described by Dent et al. 
(29). The aortic flow zero-level baseline was adjusted accord- 
ing to the contour of its electromagnetic flow probe signal; this 
baseline was reconfirmed by the occlusive zeros. No animal 
had physiologically important aortic regurgitation. The base- 
line for the mitral flow record was then adjusted until the 
forward minus the backward mitrai flow volumes equaled the 
aortic forward flow volume. For the purpose of the present 
study, coronary artery blood flu,,' during ventricular systole was 
considered to be negligible. Th~ ,~,orrelation coefficient for the 
regression tff aortic forward flo~ '~,rsus mitral forward minus 
mitral regurgitant flow was 0.97 (SEE 0.12 liters/rain). Regur- 
gitant fraction was calculated as backward mitral flow volume/ 
rain divided by forward mitral flow volume/rain. Once the 
curves for aortic and mitral flow were adjusted, instantaneous 
regurgitant flow rate could be obtained. 
A hydrostatic standard was used for calibration of all 
pressure recordings. Left ventricular and left atrial pressures 
were recorded simultaneously. All hemodynamic recordings 
were performed simultaneously with the echocardiographic 
studies. After baseline measurements, varying degrees of se- 
verity of mitral regurgitation were produced by altering pre- 
load or afterload, or both, using blood transfusion or angio- 
tensin infusion, or both. The calibrations of the flow probes 
were readjusted before each individual hemodynamic steady 
state, compensating for an 3, change in hematocrit produced by 
insensible fluid loss, blood loss or the alteration of preload by 
blood transfusion. Insensible fluid loss and associated electro- 
lyte disturbances xacerbated by the open thoracotomy were 
monitored by frequent (before each individual hemodynamic 
study) determinations of serum electrolyte l vels and hemato- 
crit; aberrations were avoided by continuous infusions of 
lactated Ringer's solution and 5% dextrose in water supple- 
mented with potassium and calcium, as necessary. A total of 26 
hemodynamic states (two to five per animal) were obtained. 
Color Doppler echocardiography. Color Doppler flow 
mapping was performed with a Vingmed 750 system (Vingmed 
Sound, A/S, Horten, Norway) using a 5-MHz transducer 
placed directly near the apex of the heart at a pulse repetition 
frequency of 4 kHz. Color gain was adjusted to eliminate 
random color in areas without flow. The MTI filter was 
selected with a rolloff to deemphasize v locities <0.08 m/s. 
Aliasing velocities of 0.44 to 0.92 m/s were selected for the 
initial imaging of the flow convergence. Color sector size was 
limited to <--45 ° so that color frame rates varied from 12 up to 
45 frames/s. Two-dimensional nd M-mode color flow images 
were directly transferred into a Macintosh Ilci computer 
(Apple C'3mputer, Inc.) from the Vingmed 7~0 system, which 
is equipped with a digital output port allowing transfer cf color 
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l~*ere 1. Left, Two-dimensional color flow ,: aage showing the position of the color 
M-mode cursor line (white line) perpendicular to the plane of the regurgitant 
orifice (black arrow). ECG = electrocardiogram; FCR = flow convergence region; 
LA = left atrium; LV = left ventricle. Right, Color M-mode trace through the 
regurgitant orifice plane (top, white arrows); aliasing occurs at a velocity of 
0.64 m/s. Ten sequential equidistant time periods during systole were selected for 
measuring the aliasing distance and corresponding continuous wave velocity for 
calculating the regurgitant orifice areas (see text). 
Doppler data in their original digital format without conver- 
sion into analog format. The initial aliasing velocity could be 
changed by postprocessing software in the computer system 
after the raw digital velocity data were transferred into the 
microcomputer. 
The mitral regnrgitant orifice was identified as being at the 
center of the flow convergence using two-dimensional color 
Doppler imaging (Fig. 1, left). In positioning the M-mode 
cursor, care was taken to locate the orifice precisely, using 
magnification of the image and choosing a small color sector 
angle and a high frame rate (Fig. 1, left). Because the 
epicardial transducer position minimized the effect of transla- 
tional movement of the heart, it was possible to localize and 
follow the regurgitant orifice using the two-dimensional flow 
image, which showed the center of the flow convergence and 
the mitral eaflet positions. 
The aliasing distances on these optimized color M-mode 
recordings were measured at 10 sequential equidistant time 
periods during ventrieular systole (Fig. 1, right) using two 
selected ranges of velocities of 0.20 to 0.32 trds and velocities of 
0.56 to 0.72 m/s; corresponding instantaneous regurgitant flow 
rates were calculated using the hemispheric assumption ofthe 
proximal isovelocity surface. Instantaneous orifice areas were 
derived by dividing the instantaneous flow rates by the corre- 
sponding continuous wave Doppler velocities obtained uring 
the same steady states and were compared with instantaneous 
electromagnetic flow meter egurgitant flow rates divided by 
the same continuous wave velocity. Four optimized color 
M-mode recordings of the flow convergence and continuous 
wave velocity were analyzed for each hemodynamic condition 
and averaged. 
Measurement variability. To evaluate the effect of ob- 
server variability on the measurement of orifice area, 10 
randomly selected hemodynamic conditions were analyzed at 
different times with the same computer by two independent 
observers, each without knowledge of the results obtained by 
others or the electromagnetic flow data. Beat o beat variability 
of the flow convergence orifice area was examined using 10 
randomly selected hemodynamic conditions. 
Statistical nalysis. Results are presented asmean value +_ 
SD. The correlation between continuously variable data points 
was determined bylinear regression analysis. Averaged mitral 
orifice areas over 10 sequential points obtained by the electro- 
magnetic flow meters were compared with regurgitant s roke 
volumes, mean mitral regnrgitant flow rates and regurgitant 
fractions using simple regression analysis; agreement between 
the two measurements was tested according to the method of 
Bland and Altman (30). A value of p < 0.05 was considered 
statistically significant. 
Results 
Quantitation of the regurgitation with the electromagnetic 
flow probes and meters indicated that the animals had mean- 
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ingful amounts of regurgitation: Mean regurgitant flow rates 
varied from 0.19 to 2.4 liters/rain (mean 1.3 ± 0.61); regurgi- 
tant stroke volumes from 1.8 to 29 ml/beat (mean 12 ± 6.3); 
peak regurgitant flow rates varied from 1.0 to 8.1 liters/rain 
(mean 3.7 +- 2.2), and regurgitant fractions varied from 8.0% 
to 54% (mean 30 ± 12%). 
For 3 of the 26 conditions, recording of the continuous wave 
velocity envelope was not adequate, and for another 5of the 26 
conditions, recording of color M-mode was not optimal for 10 
sequential measurements of the aliasing distances. Thus, these 
8 conditions were excluded from analysis, resulting in a total of 
18 conditions (from seven sheep) analyzed. 
Dynamic hange in mitral regurgitant orifice area obtained 
by electromagnetic flowmeters. Maximal and time-averaged 
regurgitant orifice areas during systole obtained by the elec- 
tromagnetic flowmeters anged from 0.05 to 0.38 cm 2 (mean 
0.20 +-- 0.10) for maximal areas and from 0.02 to 0.24 cm 2 
(mean 0.12 ± 0.06) for time-averaged areas, respectively. In six 
of seven animals (a total of 16 hemodynamic conditions), the 
regurgitant orifice sizes obtained by the electromagnetic flow 
probes and meters increased to maximal size in early to 
midsystole and decreased in late systole. For taro different 
hemodynamic conditions in the remaining animal, the regur- 
gitant areas howed almost no change during systole (Fig. 2). 
In 12 of 18 conditions, a slight increase in orifice size was 
observed uring isovolumetric relaxation time (Fig. 2). In 10 of 
12 conditions with an increase in orifice size during the 
isovolumetric relaxation time, a decrease in left atrial pressure 
was observed uring this timing, but in the other 8 conditions 
without an increase in the area an increase in left atrial 
pressure or a platcali was observed. 
Regression analysis was performed between regurgitant 
stroke volumes, regurgitant fractions and mean regurgitant 
flow rates determined by the electromagnetic flow probes and 
meters and time-averaged regurgitant orifice area. Time- 
averaged regurgitant areas delineated by the electromagnetic 
flowmeters correlated well with all of these variables (r = 0.84, 
0.85 and 0.87, respectively, Fig. 3). 
Dynamic change in mitral regurgitant orifice area calcu- 
lated by color Doppler flow convergence method. Maximal 
and time-averaged regurgitant orifice areas during ventricular 
systole obtained by the flow convergence method using aliasing 
velocities of 0.20 to 0.32 m/s overestimated the electromagnet- 
ieally derived orifice areas significantly (p < 0.001), ranging 
from 0.05 to 0.92 era 2 (mean 0.32 _ 0.64) for maximal areas 
and from 0.01 to 0.49 cm ~ (mean 0.27 +- 0.14) for time- 
averaged areas. 
Because of the digital postprocessing capability, aliasing 
Yelocities of 0.56 to 0.72 m/s also could be used for measuring 
the 10 sequential radii on the color M-mode recording of the 
flow convergence for all hemodynamic conditions except 2with 
the lowest regurgitant fractions. This resulted in more reliable 
estimates ofthe maximal and time-averaged regurgitant orifice 
areas during systole, ranging from 0.01 to 0.69 cm 2 (mean 
0.27 ± 0.18) for maximal areas and from 0.01 to 0.49 cm 2 
(mean 0.15 +-- 0.06) for time-averaged areas, respectively. 
0,4* 
0 
o.o 0'.2 o'., o.e o.e ~.o 
Time I Systole 
Figure 2. Typical examples of the types of dynamic changes in the 
regurgitant orifice area obtained by the eleetromagnetically deter- 
mined flow method (EM). The regurgitant orifice size usually in- 
creased to maximal size in early to midsystole (arrow) and decreased 
in late systole. One sheep (two conditions) howed almost no change 
in regurgitant area during systole. 
Figure 4 demonstrates the difference between dynamic 
changes obtained by the electromagneticaUy determined flow 
method and those by the color Doppler flow convergence 
method using two different aliasing velocities. As seen in 
Figure 4, the color Doppler flow convergence method with low 
aliasing velocities ubstantially overestimated the regurgitant 
orifice areas obtained by the electromagnetic flow method 
when there was a high flow rate; when flow rate was low, 
usually in late systole, the color Doppler method resulted in 
underestimation. Values derived using the color Doppler flow 
convergence method using high aliasing velocities matched the 
electromagnetic flow values at high flow rates but underesti- 
mated the electromagnetic flowmeter results at low flow rates 
(late in the cycle). Both averaged areas and dynamic hanges in
the regurgitant orifice areas, therefore, depended on the 
selection of the aliasing velocity. For the condition with the 
smallest regurgitant fraction (8%), the color Doppler method 
systematically underestimated r gurgitant orifice size obtained 
electromagnetically, even when an aliasing velocity <0.32 m/s 
was selected. In contrast, when regurgitant fractions were 
higher, and mean regurgitant areas by the electromagnetic flow 
method were >0.15 cmz (six hemodynamic conditions), the 
color Doppler method systematically overestimated orifice 
area obtained electromagnetically, even when an aliasing ve- 
locity >0.56 m/s was selected (Fig. 5). As a result of this 
problem, the pattern of temporal change in regurgitant orifice 
areas obtained by the color Doppler method was not identical 
to that obtained by the electromagnetic flow method. For only 
2 of 18 conditions, was the peak timing of the maximal 
regurgitant orifice areas at an identical time during systole, 
although both methods did show similar early systolic to 
midsystolic peaks for the other conditions. 
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Figure 3. Regression analysis between mean regurgitant orifice areas 
obtained by the electromagnetically determined flow method (EM) (ordi- 
nate) and regurgitant fraction (a), regurgitant stroke volume (b) and mean 
regurgitant flow rate (e). 
Measurement variability. Digital computer processing of 
original digital color M-mode tracings performed by two 
independent observers revealed very similar patterns of dy- 
namic hanges in regurgitant orifice areas in only 10 randomly 
selected hemodynamic conditions/As a result, there was 
excellent agreement regarding the maximal and time-averaged 
regurgitant areas obtained by the color Doppler flow conver- 
gence method performed by two observers (r = 0.98 and 0.97, 
SEEs 0.01 cm 2 for both, mean percent differences 4.2% and 
3.8%, respectively). There was also excellent agreement be- 
tween orifice areas obtained from different cardiac cycles 
under the same hemodynamic conditions (r = 0.95, SEE 
0.01 cm 2, mean percent difference 3.5%). 
Discuss ion  
Dynamic change in regurgitant orifice area obtained by 
electromagnetic flow method. In our study the electromagnet- 
ically determined flow method emonstrated that the mitral 
regurgitant orifice areas usually peaked early in systole and 
decreased almost linearly thereafter. Using left atrial/ 
ventricuiar pressure gradients and the Goflin formula in an 
animal model, Yellin et al. (31) reported that the effective 
mitral regurgitant orifice area decreased linearly to 70% of its 
initial size during systole. Their area determinations obtained 
in a model of acute mitral regurgitation were performed at 
only four sequential points in systole, whereas we measured 10 
sequential points during systole in a chronic model of mitral 
regurgitation. Their study and the present one showed that the 
mitral regurgitant orifice area obtained electromagnetically 
peaked during early systole and decreased linearly after this 
peak. Importantly, the correlation between the regurgitant 
orifice area and the severity of mitral regurgitation (i.e., 
regurgitant stroke volume, mean regurgitant flow rate and 
regurgitant fraction) was verified in our animal study. This 
finding is consistent with the reported (24) relation between 
regmgitant stroke volumes and effective regurgitant orifice 
areas obtained clinically by noninvasive Doppler methods. 
Reopening of regurgitant orifice during isovolumetric re- 
laxation time. In the present study, both electromagnetically 
determined flow methods and color Doppler methods revealed 
an interesting phenomenon: the enlargement of the mitral 
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Figure 4. Dynamic hanges determined for a regurgitant orifice area: 
comparison between the electromagnetically determined flow method 
(EM) and the flow convergence method (FC) using two different 
aliasing velocities (V). Note that the instantaneous orifice areas 
obtained by the flow convergence method varied with the selection of 
the aliasing velocity (see text). 
regurgitant orifice during the isovolumetric relaxation time 
(Fig. 2). This phenomenon was described by Schwammenthal 
et al. (23), who used color M-mode recordings of flow conver- 
gence; however, the regurgitant flow rates computed in that 
study were not compared with reference standards, that is, 
those determined by electromagnetic flowmeters (23). The 
study by Yellin et al. (31) did not examine the isovolumetric 
relaxation time period. Both the cause and clinical sig,ificance 
of reexpansion of the regurgitant orifice area in isovolumetric 
relaxation period are unknown at the present ime (23). This 
event was associated with changes in left atrial pressure and 
the relation between left ventricular and left atrial pressure 
during this time period. In 10 of the 12 instances with an 
increase in orifice size during the isovolumetric relaxation 
period, a significant decrease in left atrial pressure was oh- 
served, whereas in the other 8 states without an increase in the 
orifice area, there was an increase in left atrial pressure or a 
plateau. There was no significant difference in the left ventric- 
ular systolic pressures between the two groups. 
The configurational change in mitral annulus and left 
ventricle during the isovolumetric relaxation period might be 
related to the cause of the reopening of the regurgitam orifice, 
as suggested previously (23). However, this observation re- 
quires further investigation. 
Flow convergence method for evaluating dynamic hange in 
regurgitant orifice area. The importance of noninvasive meth- 
ods for evaluating the regurgitant orifice area has been 
emphasized (23--25). Among new noninvasive methods for 
evaiuating mitral regurgitant orifice areas, only the flow con- 
vergence method is potentially capable of examining dynamic 
changes in regurgitant orifice area (23). However, the strictly 
quantitative clinical application of the flow convergence 
method for evaluating dynamic hanges in mitral regurgitant 
orifice area remains to be validated because, heretofore, there 
have been ao studies with a quantifiable reference standard for 
determining instantaneous regurgitant orifice area. Compared 
with previously reported studies (23-25) for evaluating the 
regurgitant orifice area using the pulsed and color Doppler 
methods, our study offers a major advantage. In our study, the 
mitral regurgitant volum~ and flow rates were quantified 
electromagnetically. Therefore, we could compare instanta- 
neous flow convergence data with corresponding instantaneous 
hemodynamic data. 
Problems of color Doppler flow convergence methods. In 
our study, dynamic changes in the color Doppler-derived 
orifice area were not the same as the results from the electro- 
magnetically derived orifice data, especially when low aliasing 
velocities were selected (Fig. 4). 
Figure 5. Regression analysis between mean regurgitant areas ob- 
tained by the electromagnetic.ally determined flow method (EM) and 
those determined bythe flow convergence m thod (FC) using aliasing 
velocities 0.56 to 0.72 m/s (left) and a comparison using the Bland and 
Altman method (right). 
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As previously described (0-18), the shape of color Doppler 
flow convergence isovelocity surface depends on many factors 
that are changing dynamically during systole as well as on 
instrumentation factors. The etiology of mitral regurgitation 
studied here was that caused by a flail mitral leaflet due to 
severed chordae tendineae. Compared with mitral regurgita- 
tion of other etiologies, a flail mitral eaflet may be more likely 
to produce inaccurate orifice areas when the hemispheric 
assumption ofthe flow convergence isovelocity surface is used. 
Not only is the geometry of the orifice complicated and 
temporally changing, but there might also be interaction 
between the flow convergence fi ld and the left ventricular wall 
(32,33). Thus, our results may be overly pessimistic because 
they relate to the applicability of color Doppler for facilitating 
regurgitant orifice area determination, and the flow conver- 
gence method may be more applicable for evaluating dynamic 
changes in regurgitant orifice area for geometrically simpler 
etiologies of mitral regurgitation (23,24). 
Another major problem in using the color Doppler flow 
convergence method for calculating the instantaneous regur- 
gitant area is using a fixed aliasing velocity during the regur- 
gitant period. The mitral regurgitant flow rate and the pressure 
driving mitral regurgitation change during ventricular systole, 
and a number of reports (12,14,17) suggest hat the most 
appropriate zone within the velocity acceleration field for 
applying the hemispheric assumption is related to a range 
determined by a maximal orifice velocity or flow rate; there- 
fore, an aliasing ~,elocity that permi~ts a sumption of a hemi- 
spheric isovelocity surface at one time point during systole may 
fail to do so at another time point during the same systole. 
Thus, any fixed aliasing velocity may' either underestimate or 
overestimate he instantaneous flow rate at any given :ime 
point in systole, resulting in underestimation or overestimation 
of the regurgitant orifice area. With present echniques, this 
methodologic shortcoming appears to be a severe limitation 
for the use of the flow convergence method for evaluating 
dynamic hanges in regurgitant orifice area. 
However, when an appropriately, high aliasing velocity is 
~ased, the maximal or averaged regmgitant orifice area can be 
~tsed to evaluate the severity of regurgitation, as shown in a 
previous tudy (24) as well as ours. In the present study, the 
time-averaged regurgitant orifice area was delineated to be 
-60% of the maximal area. Importantly, the time-averaged 
regurgitant orifice area in our study correlated well with the 
mean regurgitant flow rate and the regurgitant fraction. Once 
maximal or averaged regurgitant areas, or both, were obtained 
using an appropriate aliasing velocity by the color Doppler 
flow convergence method, itwas possible to relate these orifice 
areas to the severity of the mitral regurgitation, in our study, 
for mild regurgitation, an aliasing velocity of 20 to 32 cm/s was 
satisfactory for determining the averaged orifice area; for 
moderate to severe regurgitation, aliasing velocities of 56 to 
72 cm/s provided better estimates of the averaged regurgitant 
area compared with those obtained using lower aliasing veloc- 
ities. However, the selection of aliasing velocities that would 
provide ideal estimates of regurgitant orifice areas in the 
clinical setting was not specifically addressed. 
Because regurgitant orifice areas were derived from regur- 
gitant flow rates calculated using the hemispheric assumption, 
our study evaluated the predictive applicability of flow conver- 
gence methods for estimating not only regurgitant orifice 
areas, but also regurgitant flow rates. However, an important 
consideration in evaluating the regurgitant orifice area by these 
methods is the contraction coefficient (34-38). Using the 
continuous wave transorifice velocity decay with any instanta- 
neously determined flow to calculate the instantaneous regur- 
gitant orifice area delineates the physiologically smallest area 
of flow, the vena contracta. Recent studies (38) have indicated 
that the area of the vena contracta becomes smaller when the 
flow rate is low, and this effect could result in an apparent 
alteration of the orifice area for even a fixed orifice. The 
coetticient of contraction may also be affected by orifice 
geometry and blood viscosity (35,37). Because these potential 
problems affect the meaning of the determined regurgitant 
orifice area as delineated using both electromagnetic flow 
meter method and the flow convergence method, the influence 
of determinants of the coefficient of contraction eeds to be 
investigated in more detail. 
Limitations of the study. Several limitations of our study 
should be mentioned: 1) In our animal model, the echo 
transducer was placed on the heart directly, and thus the 
translational movement of the heart could be minimized. 
Despite this, we had to exclude 8 of 24 hemodynamic condi- 
tions because of the difficulty in obtaining color Doppler 
M-mode and continuous wave Doppler ecordings throughout 
systole. Obtaining high quali~, recordings of color M-mode 
and continuous wave Doppler throughout systole may be even 
more of a problem in the clinical setting (23). However, 
because our primary aim was to evaluate dynamic hanges in 
the regurgitant orifice size and to compare these with results 
obtained by the flow convergence methods, oar conclusions 
should not be affected by this methodologic difficulty. 
2) The direction of the color M-mode cursor could not be 
placed absolutely parallel to the axial center of the flow 
convergence in some studies because of the complex orifice 
geometry associated with prolapsed leaflets (32). However, the 
angles between the color Doppler interrogation li e and the 
presumed axial flow convergence line in all of our studies were 
<30 °. Thus, the effect of this angle should be small. Despite 
this finding, the geometry ofthe prolapse-type orifice itself may 
have been partially responsible for the overestimation f flow 
rate and orifice size compared with the area obtained using the 
electromagnetic flow method in that constraint of flow by the 
adjacent leaflet issue alters the velocity-distance relation. 
3) As a precaution, the flow probe was sutured into the left 
atrium above the mitral valve annulus o as not to interfere 
with the mitral valvular or subvalvular apparatus; nevertheless, 
we cannot be certain that the geometry of mitral annulus was 
not slightly altered by the probe. The orifice area available for 
flow through the probe was 2.5 cm 2, which was only very mildly 
stenotic for left ventricular inflow in sheep weighing 31 to 
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36 kg; however, this available inflow area is a magnitude 
greater than the orifice available for mitral regurgitation. 
Additionally, misalignment between the direction of mitral 
regurgitation and the flow probe (nonaxisymmetric flow) .an 
introduce errors in instantaneous flow rates. In in vitro studies, 
the range of errors caused by nonaxisymmetric flow for instan- 
taneous flow determinations has been reported to he up to 
15% (39). In our study, the direction of the mitral regurgitation 
imaged by color Doppler flow mapping changed little during 
the duration of systole; therefore, a flow probe misalignment 
factor should not have had a substantial effect on the patterns 
c:f dynamic change in the regurgitant orifice area, and baseline 
zero readings were independently determined with occlusive 
zeros for both aortic and mitral flow meters. 
Conclusions. The electromagneticaUy determined flow 
method used in the present study demonstrated that mitral 
regurgitant orifice areas usually peaked early in systole and 
decreased almost linearly thereafter. Our results also suggest 
that the proximal flow convergence method has limited utility 
for evaluating dynamic changes in mitral regurgitant orifice 
area, although optimally selected aliasing velocities may pro- 
vide an estimated mean regurgitant orifice area more reliably. 
We acknowledge the assistance ofthe veterinary professional nd technical staff 
of the Laboratory of Animal Medicine and Surgery, National Heart, Lung, and 
Blood Institute, and the dedication of Deborah Donalson for help with editing 
and preparing the manuscript. 
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